Purpose: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with a 5-year survival rate <7% and is ultimately refractory to most treatments. To date, an assessment of immunologic factors relevant to disease has not been comprehensively performed for treatment-na€ ve patients. We hypothesized that systemic immunologic biomarkers could predict overall survival (OS) in treatment-na€ ve PDAC patients.
Introduction
Pancreatic ductal adenocarcinoma (PDAC), an aggressive malignancy presenting at advanced stages, is the fourth leading cause of cancer-related mortality in the United States with estimated 5-year survival <7% (1) and is projected to become the second leading cause of cancer related death by the year 2030 (2) . Despite incremental treatment advances (gemcitabine/nab-paclitaxel, FOLFIRINOX; refs. [3] [4] [5] [6] , median survival for metastatic PDAC patients remains < 1 year (7) . As evidenced by the poor survival rate, existing treatments for PDAC are largely ineffective and there is an acute need to develop novel treatments for this disease, which is almost uniformly lethal in the metastatic setting.
Although surgery is an option for patients with early-stage disease, those with metastatic PDAC are limited to any of a number of chemotherapy regimens or clinical trial enrollment (3) . Although these chemotherapies act in large part as conventional cytotoxic agents, some also exert immunomodulatory activity through a variety of mechanisms (8) . Moreover, it is increasingly clear that the immune system contributes to the antitumor activity of several classes of cytotoxic chemotherapy (9) . Thus, the status of the patient's immune system may in large part determine the clinical efficacy of chemotherapy.
There is increasing interest in immunotherapy for the treatment of PDAC. Approaches such as immune checkpoint blockade have produced dramatic clinical responses in other malignancies, most recently non-small cell lung carcinoma (10) . These clinical observations have led to a concerted effort to adapt immunotherapy to treat other refractory cancers, including PDAC. Though pancreatic tumors are poorly infiltrated by effector T cells (11, 12) , tumor-reactive T cells are found in the peripheral blood and bone marrow of pancreatic cancer patients (13) , and may localize to the tumor following chemotherapy (11, 14) . This suggests that immunotherapy has the potential to induce clinically beneficial antitumor activity. Indeed, recent clinical trials demonstrate that vaccine-based approaches or CD40 agonists can prolong stable disease or elicit partial responses in a subset of PDAC patients (15) (16) (17) (18) . However, even in response to these highly immunogenic treatment regimens, most patients eventually progressed, underscoring the need for further improvement in therapy.
These early trial results suggest there are many barriers to harnessing the full potential of immunotherapy, including general immune dysfunction and active immunosuppression in patients with advanced disease. T cells from patients with advanced PDAC are functionally suppressed (19) , while we and others have documented elevated levels and negative prognostic significance of myeloid-derived suppressor cells (MDSC) in PDAC patients (20) (21) (22) . We have also reported that stromal elements of pancreatic tumors secrete numerous soluble factors that suppress the immune system (23), particularly IL6. This cytokine is a key factor in PDAC development, progression, and immune suppression and is frequently elevated during malignancy (21) . It mediates immunosuppressive activity through a number of mechanisms, including impairing dendritic cell differentiation and inducing MDSC accumulation (24, 25) . IL6 also directly supports tumor cell proliferation, invasiveness, and tumor progression (26) , separate from its immunomodulatory activity, and recent reports argue that IL6 is critically required for the growth, maintenance, and progression of mutant KRAS-driven pancreatic tumors (27, 28) .
In this report, we investigated whether a patient's baseline immune status was predictive of their OS. Plasma and peripheral blood mononuclear cells (PBMC) from a large cohort of treatment na€ ve patients with un-resectable metastatic PDAC were analyzed in the context of OS to identify clinically relevant biomarkers of disease and identify potential immune-related therapeutic targets.
Materials and Methods

Patients
Peripheral blood was obtained from 73 patients with histologically confirmed, inoperable/metastatic PDAC who were treatment naive. Blood samples were obtained before treatment and following informed consent. Treatment consisted of carboplatin and paclitaxel with or without an oncolytic virus (Reolysin) as part of a national Phase II clinical trial NCT01280058/OSU-10045 (Table 1) . This work was carried out under a protocol approved by the National Cancer Institute's (NCI) Cancer Therapy Evaluation Program (CTEP) and the central and local IRBs. All patients were enrolled between February 2011 and February 2014. PBMCs and plasma were isolated from whole blood via density gradient centrifugation using Ficoll-Paque (Amersham Pharmacia Biotech) as previously described (29) . PBMCs were cryopreserved in liquid nitrogen and plasma was stored at À80 until batched analysis.
Cytokine, chemokine, and growth factor analysis A panel of 32 cytokines, chemokines, and growth factors was analyzed in plasma isolated from patient peripheral blood using Luminex Multiplex Cytokine Kits (Procarta Cytokine Assay, eBioscience). Samples were analyzed in duplicate, run in batches, and quantified using analyte specific standard curves for each batch.
Flow cytometry
Phenotypic analysis of circulating immune cells was conducted by FACS. The antibodies used are detailed in Supplementary Table  S1 . Briefly, cryopreserved PBMCs were thawed at 37 C, washed, centrifuged, and resuspended in FACS buffer (PBS þ 5% FBS). Cells were stained with appropriate antibodies in the dark for 45 minutes at 4 C. Cells were then washed, fixed in PBS þ 1% formalin, and analyzed with an LSRII flow cytometer or FACS calibur (BD Biosciences). Compensation controls were generated using ABC capture beads beads (Life Technologies). Data were analyzed using FlowJo software version 7.6.4 (FlowJo).
Statistical analyses
All markers were summarized and initially evaluated using descriptive and graphical analyses, and were log-transformed for evaluation and modeling in relation to OS in the univariate setting. OS was defined as the time from baseline blood draw to death due to any cause, where living patients were censored at the time of their last evaluation. Baseline marker levels were assessed in relation to OS. Time-to-event OS outcome was evaluated in relation to each of the markers in the univariate and multivariable settings using log-rank statistics and Cox regression models. OS hazard rates and ratios and corresponding 95% confidence intervals were evaluated by continuous measure distribution for these markers in the univariate and multivariable setting. Markers identified as being at least borderline significant (P < 0.10) in the univariate setting were evaluated as dichotomized outcomes, categorized as high versus low expression. Cutpoints for these markers were identified using recursive partitioning algorithms in relation to OS. OS was also evaluated here as a dichotomized outcome, where patients were categorized on the basis of overall survival time above or below the estimated median OS ($8 months). Comparison of continuous measure distributions between groups was done using Wilcoxon rank-sum tests and side-by-side boxplots. Comparisons of distributions of categorical variables between groups were done using c 2 tests (or Fisher exact tests in the setting of small subsets). Statistical significance was determined as P < 0.05. To ameliorate the limitations of the sample size and lack of a separate independent cohort for validation, we performed modified Monte Carlo cross-validation (MCCV) approaches to assess the robustness of our findings. Specifically, 90% of subjects were randomly selected using stratified random sampling (i.e., random sampling of subjects within
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Results
Plasma IL6 and IL10 are poor prognostic factors in patients with metastatic PDAC
We analyzed the abundance of 32 soluble factors in the plasma of treatment-na€ ve patients presenting with metastatic PDAC (Table 2 ). Cytokines associated with differentiation and function of Th1, Th2, and Th17 helper T-cell subsets were included on this panel. We did not observe any definitive evidence of helper T-cell subsets skewing or dominance based on circulating cytokine levels. Most of these cytokines were expressed at low pg/mL levels in the majority of patients, though with a high degree of variability. Only two of these continuous cytokine measures, IL6 and IL10, were significantly associated with OS (P ¼ 0.008 and P ¼ 0.026, respectively). In our subsequent MCCV analyses, both IL6 and IL10 levels remained significantly associated with OS as a continuous measure in 1997/2000 and 1210/2000 simulations, respectively (Supplementary Table S2 ; IL6: median P ¼ 0.0056, median HR ¼ 1.18; IL10: median P ¼ 0.0415, median HR ¼ 1.27). On this study, patients had average IL6 plasma levels of 5.9AE11.4 pg/mL (Table 2) . When dichotomized as high versus low expressers, patients with higher baseline IL6 plasma levels had significantly shorter OS than did patients with lower levels (P ¼ 0.0007; Fig. 1A ), and this observation was further supported by the cross-validation modeling (Supplementary Table S3 ; 2000/ 2000 simulations, median P ¼ 0.00041, median HR ¼ 3.06). Moreover, when patients are dichotomized on the basis of the duration of their OS, those with OS>8 months had significantly less circulating IL6 than did patients with shorter survival (P ¼ 0.001; Fig. 1B ). The other immune-suppressive cytokine associated with OS was IL10. On average, patients had 0.85AE1.04 pg/mL IL10 in their plasma at baseline (Table 2) . When dichotomized on the basis of IL10 plasma level, patients with higher IL10 levels had significantly shorter OS than did patients with lower levels (P ¼ 0.0016; Fig. 1C ). Again, this observation was further supported by the subsequent cross-validation modeling (Supplementary Table S3 ; 1991/2000 simulations, median P value ¼ 0.005, median HR ¼ 2.5). Similar to data with IL6, dichotomization of patients by duration of OS revealed that patients with OS>8 months had significantly lower plasma levels of IL10 than patients with OS<8 months (P ¼ 0.019; Fig. 1D ). Furthermore, evaluation of both IL6 and IL10 expression groups in the multivariable setting demonstrated a significant interaction between the two cytokines (P ¼ 0.04). Here, survival was significantly worse in patients with high levels of both cytokines versus not (i.e., high expression in only one or none of these cytokines; P < 0.00001; Fig. 1E ). Of the two cytokines, the effect of IL6 appeared to be dominant. Namely, patients with higher IL6 levels had worse survival than those with low IL6, regardless of their IL10 status (data not shown). Thus, higher levels of two immunosuppressive cytokines remain predictive of OS even in latestage PDAC.
A number of immunomodulatory cytokines (IFNa, IFNb, IL1b, CD40L) were also included on this panel. Although some of these cytokines were detected at high levels (maximum expression of CD40L was 4455.4 pg/mL), none of them were strongly associated with OS (Table 2) . Likewise, two growth factors associated with immune suppression in cancer (GM-CSF and VEGF-A) were present at readily detectable levels but were not strongly associated with OS (Table 2) .
Plasma levels of MCP-1 are predictive of survival in patients with metastatic PDAC Among the 32 soluble factors analyzed in patient plasma were 13 chemokines: seven CC chemokines, five CXC chemokines, and one CX3C chemokine. The expression of these chemokines was highly variable and most were readily detectable in patient plasma (Table 2) . Only the monocyte chemoattractant protein-1 (MCP-1; CCL2) was associated with OS as a continuous measure (P ¼ 0.045); however, under subsequent cross-validation analyses MCP-1 only remained significantly associated with OS as a continuous marker in 648 of 2000 simulations (Supplementary  Table S2 ; median P ¼ 0.066, median HR ¼ 0.69), though it met our criteria for subsequent dichotomized analysis (P < 0.10) in 1,515 of 2,000 simulations. The average concentration of MCP-1 in patient plasma was 121.3AE85.5 pg/mL (Table 2 ) and when dichotomized as high versus low MCP-1 plasma levels, patients with more MCP-1 had significantly longer OS than did patients with lower levels (P ¼ 0.016; Fig. 1F ). Unlike its use as a continuous measure, subsequent cross-validation analyses found that MCP-1 as a dichotomous marker was significantly associated Table S3 ; median P ¼ 0.023, median HR ¼ 0.49). Patients whose survival exceeded 8 months had more circulating MCP-1 than did patients with OS<8 months, although this difference was not significant (P ¼ 0.37; Supplementary Fig. S1 ).
Higher frequencies of antigen-experienced T cells are associated with greater overall survival
Tumor reactive T cells are present in the blood of pancreatic cancer patients; however, these tumors are generally not well infiltrated by effector T cells (11) . One way to characterize circulating T cells is based on their maturation status. In humans, the CD45RO marker is frequently used to denote antigen experienced T cells (i.e., non-na€ ve T cells). We determined the proportion of circulating CD4 þ and CD8 þ T cells expressing CD45RO via flow cytometry ( Fig. 2A , Supplementary Table S4 ). As a continuous marker, CD45RO expression on CD4 þ T cells was significantly associated with OS (P ¼ 0.032), though CD45RO expression on CD8 þ T cells was not (P ¼ Fig. 2D ). These results demonstrate that having a greater frequency of antigen experienced T cells is a potential positive prognostic factor in metastatic PDAC and suggest the presence of ongoing antitumor immune reactions.
Prognostic significance of T-cell checkpoint and alternative costimulatory molecules T-cell checkpoint molecules (including CD95/FAS, CD152/ CTLA-4, CD178/FAS-ligand, CD223/LAG-3, CD279/PD-1, and TIM-3) and alternative costimulatory molecules (including CD27, CD134/OX40, CD137/4-1BB, and CD272/BTLA) are powerful modulators of the immune system (31, 32) . These receptors have become the subject of great interest as therapeutic targets for Research.
on August 15, 2017. © 2015 American Association for Cancer clincancerres.aacrjournals.org Downloaded from the treatment of malignancy. As part of this study, we determined the proportion of T cells expressing the T-cell checkpoint molecules CD95, CD178, CD279, CD223, CD152, and TIM3 ( Fig. 3 and Supplementary Table S4 ). There was no significant relationship between expression of CD95, CD178, CD279, or CD223 and the duration of OS by univariate analysis (Fig. 3A) . Two of the Tcell checkpoint molecules, however, were strongly associated with survival. CTLA-4, a member of the B7-CD28 superfamily, is a negative regulator of T-cell activity. Patients with greater proportions of CD8 þ T cells expressing CTLA-4 had significantly shorter OS (P ¼ 0.0198 as a continuous marker, P ¼ 0.00016 when dichotomized into high vs. low groups, Fig. 3A-C) . Validation analysis supports these observations (Supplementary Table S2 and S3). The other molecule, TIM3, was originally identified as a negative regulator of T-cell immunity, though more recent reports indicate that it has context-dependent immunostimulatory activity. To our knowledge, the prognostic significance of this molecule has not been studied in PDAC. There was a significant positive correlation with the proportion of CD4 þ T cells expressing TIM3
and the duration of OS in this patient cohort (P ¼ 0.046 as a continuous marker, P ¼ 0.0024 when dichotomized as high vs. low proportions; Fig. 3A, D , and E). These observations were further supported by subsequent cross-validation modeling, wherein TIM3 expression by CD4 þ T cells was significant in Table  S2 and S3). We also determined the frequency with which the alternative costimulatory molecules OX40, 4-1BB, CD27, and BTLA appeared on CD4 þ and CD8 þ T cells in treatment-na€ ve metastatic PDAC patients (Fig. 3A and Supplementary Table S2) . Though these molecules were frequently expressed on T cells from PDAC patients, none of them were significantly associated OS in this patient cohort. Together, these data suggest that differences in the expression of checkpoint molecules on circulating T cells may impact antitumor immune activity and clinical outcome in metastatic PDAC patients.
Discussion
This study comprehensively examined immune biomarkers from the peripheral blood of metastatic PDAC patients. The goal was to test the hypothesis that patient immune status at baseline, before any subsequent treatment, predicts overall survival. The immunosuppressive cytokines IL6 and IL10 were strong, independent, negative predictors of OS. Examination of T-cell phenotypes found that the proportions of antigen experienced T cells (both CD4 þ and CD8 þ ) were strong positive independent predictors of patient survival, and that the frequency of CD8 þ T cells expressing the T-cell checkpoint molecule CTLA-4 was negatively associated with survival. Paradoxically, CD4 þ T-cell expression of TIM3, another immunosuppressive molecule, was positively associated with PDAC survival. To our knowledge, the present report is the largest and most comprehensive analysis of systemic immune status in PDAC to date. Focusing on treatment-na€ ve patients enabled us to identify immune factors as they relate to tumor growth or control, avoiding the potentially powerful confounding influence of chemotherapy on the phenotype of the immune cells (8) . The median overall survival (8.2 months; 95% CI, 7.0-10.9) for the 73 patients included in this study was consistent with published data from modern studies (5, 6). As we have previously shown, Reolysin added to chemotherapy was found to be safe but had no appreciable effect on patient outcome (33) . The same was true for follow-up therapy. Thus overall we believe our observed findings accurately reflect indicators of baseline immune status, rather than a treatment effect resulting from subsequent therapy.
This suggests that the balance between ongoing immune reactions and immunosuppression may influence clinical outcome in treatment-na€ ve metastatic PDAC patients, arguing that this ongoing immune activity continues to have an important impact on disease progression. Thus, these factors may help identify patients with more active, or more immunosuppressed, immune systems, who might experience relatively greater or lesser benefit from vaccine or checkpoint-blockade-based immunotherapies.
To our knowledge, the present study is the first to examine the correlation between plasma IL6 levels and OS strictly in patients with unresectable PDAC in the post single-agent gemcitabine era. IL6 has previously been linked with worse OS in several solid malignancies, including breast (34) and prostate cancer (35) . This cytokine plays a key role in the early growth, maintenance, and metastasis of PDAC tumors (27, 28) . Previous studies in either mixed cohorts of patients with resectable and unresectable disease (36, 37) or in those undergoing gemcitabine-based therapy (38) have found a negative correlation between IL6 and clinical outcome. In agreement with these reports, our study found that IL6 plasma levels in treatment-na€ ve patients were significantly negatively associated OS. Although single-agent IL6 blockade recently proved ineffective in a phase I/II trial in patients with solid tumors, including PDAC (39) , interest in combination therapies that include IL6 blockade remains high.
IL6 mediates systemic detrimental effects on the immune system, namely altering the Th17/T regulatory cell (Treg) balance (40) , inhibiting dendritic cell (DC) differentiation (24) , and promoting or sustaining MDSC accumulation. Both MDSC and tolerogenic DCs produce IL10, the other immunosuppressive cytokine found to be negatively correlated with OS in this study (41) (42) (43) . Previous studies reported significantly elevated IL10 levels in the peripheral blood of PDAC patients (21, 44) ; however, this is the first study to report a significant negative correlation association between circulating IL10 levels and OS in PDAC. These cytokines likely work in an immunosuppressive manner to weaken antitumor immune responses, and may complement or synergize with each other to profoundly compromise antitumor immunity, though this is yet to be tested directly. While complicated as a therapeutic strategy, it suggests that targeting both cytokines may yield superior clinical efficacy in metastatic PDAC in combination with traditional or experimental therapies.
In addition to IL6 and IL10, we observed a weaker but statistically significant positive correlation between higher levels of MCP-1 in the circulation and OS in this study. MCP-1 is a chemokine that alters monocyte and MDSC function and migration, though its prognostic significance in this disease remains unclear (45, 46) . Monti and colleagues argued that MCP-1 would lead to monocyte-mediated control of pancreatic tumor growth via increased secretion of cytokines such as IL1b and IFNg (45), while Sanford and colleagues instead suggested that MCP-1 would increase the recruitment of MDSC and inflammatory monocytes to the tumor, and that these would serve an immunosuppressive role (46) . Though our results do indicate a beneficial association between systemic MCP-1 and OS, a relatively large proportion of our cross-validation simulations (1,352/ 2,000, Supplementary Table S2) found no significant effect of MCP-1 on OS. This could be an indication that MCP-1 is associated with OS in an influential subset of patients rather than in metastatic PDAC patients at large. This question will be the subject of future investigations.
An examination of phenotypic markers present on T cells revealed that CD45RO, CTLA-4, and TIM3 are significantly correlated with OS in PDAC. A link between the proportion of circulating T cells that are CD45RO þ (denoting antigen experienced or non-na€ ve T cells) and OS in PDAC has not been previously reported. Because of limited samples, we were unable to determine the specificity of these mature T cells. However, it is tempting to speculate that they are tumor reactive and it will be important to consider how the frequency of antigen-experienced and/or tumor reactive T cells influences treatment efficacy in future PDAC trials. This is bolstered by the observation that CTLA-4 expression on CD8 þ T cells was negatively associated with OS, suggesting that in its absence cytotoxic T cells may exert some level of disease control in PDAC. Unfortunately two recent clinical trials investigating ipilumamab (anti-CTLA-4) in PDAC found very modest efficacy (no objective responses and a small number of disease stabilizations; refs. 17, 47) . A third T-cell checkpoint molecule, TIM3, was to our surprise positively correlated with overall survival. Interestingly, TIM3 is sometimes considered a marker of T-cell exhaustion (24) , suggesting that high circulating levels of CD4 þ TIM3 þ T cells may reflect ongoing beneficial intratumoral immune reactions. Ultimately, more work is needed to determine whether TIM3 blockade would enhance antitumor activity in PDAC or curtail it. No significant correlation was observed between PD-1/CD279 expression and overall survival; however, this molecule was abundantly expressed on T cells, and we were unable to assess whether or not it was being stimulated in these patients. Thus, the potential of this molecule and its ligand (PD-L1) as therapeutic targets in PDAC warrant further investigation.
In this study, we were unfortunately not able to compare the systemic levels of immune biomarkers to their levels within tumors. Since these patients were not considered candidates for surgical resection, only a small initial biopsy was collected and insufficient material was available to generate intratumoral immune profiles. In contrast with past studies (20) (21) (22) , there was no correlation between the frequency of MDSCs and OS in these patients. Unlike these prior studies, which included PDAC patients of all stages, the patient cohort studied here consisted entirely of patients with metastatic disease (median 3 metastatic sites, Table 1 ). Since the frequency of MDSCs are known to be positively correlated with stage or disease burden (48, 49) , any potential link between MDSC and OS may have been masked by the advanced disease that these patients shared. It is also possible that the immunosuppressive and protumorigenic effects of MDSCs are of relatively little importance for survival probability at this advanced disease state. It is noteworthy that two of the previous studies linking MDSC frequency to prognosis in PDAC included patients with prior (21) and/or ongoing (22) chemotherapy. Rebound hematopoiesis following chemotherapy could certainly influence the overall percentage of circulating myeloid cells, further confounding a direct comparison between these prior studies and the present one. Finally, PBMCs were enriched by Ficoll-Paque density gradient centrifugation and cryopreserved before analysis in this study. This has been previously reported to alter MDSC phenotype and reduce their relative frequency in subsequent analysis (50) , suggesting that analyzing MDSC immediately following blood collection could lead to a different conclusion on their relationship to OS.
Altogether, this report identifies several immune-based biomarkers from the peripheral blood that constitute strong independent predictors of outcome in patients with metastatic PDAC. Although it is not clear from this analysis whether these biomarkers were active mediators of outcome or merely reflected a patient's underlying status, it does suggest several potential therapeutic targets. Many of these are currently being targeted in PDAC or other malignancies (e.g., IL6, IL10, or CTLA-4 blockade or pathway inhibition). Finally, this work suggests that individual PDAC patients could benefit from different therapies tailored to their initial immune profile. 
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